We report on the integration of fully functional ferroelectric PbTiO 3 nanostructures of typically less than 100 nm lateral extension into a low-k dielectric hydrogen silsesquioxane film. Chemical mechanical polishing of the dielectric layer down to an overall thickness below the nanoparticles height exposes the structures. After confirmation of the piezoelectricity of individual embedded grains, gold electrode pads are deposited to characterize several of these grains in parallel. Evidence of ferroelectric switching is observed and discussed within an equivalent circuit model. This paves the way to a better integration and statistical analysis of ferroelectric nanostructures.
T. Schmitz We report on the integration of fully functional ferroelectric PbTiO 3 nanostructures of typically less than 100 nm lateral extension into a low-k dielectric hydrogen silsesquioxane film. Chemical mechanical polishing of the dielectric layer down to an overall thickness below the nanoparticles height exposes the structures. After confirmation of the piezoelectricity of individual embedded grains, gold electrode pads are deposited to characterize several of these grains in parallel. Evidence of ferroelectric switching is observed and discussed within an equivalent circuit model. This paves the way to a better integration and statistical analysis of ferroelectric nanostructures. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2084322͔ Nanoscale ferroelectric materials are candidates for high-density, nonvolatile storage media devices like ferroelectric random access memory cells 1 or scanning probe based ferroelectric mass storage media.
2 In addition to technological challenges that come along with the progressive lateral miniaturization, the characterization of the nanostructures becomes increasingly important. Deviations from bulk behavior are expected with shrinking structure size, nevertheless the scaling of ferroelectric properties is not well understood to date.
3 Electrical characterization techniques like direct hysteresis measurements that are carried out on microscopic ferroelectric capacitors routinely today are not yet accomplished on the nanoscale, where the smallest capacitor size is limited to 200ϫ 200 nm 2 so far. 4, 5 Recently our group reported on the registered deposition of nanoscale ferroelectric grains on a TiO 2 nucleation matrix, 6 enabling wellordered ferroelectric structures with lateral dimensions down to 50 nm. We now present a new technique to embed ferroelectric nanosized grains in a flowable inorganic low-k dielectric layer and to contact them with collective top electrodes. In contrast to prior measurements of ferroelectric structures in parallel, 7 this technique allows the direct electrical characterization of ferroelectric nanograins with, e.g., variable top electrodes.
Self-assembled ferroelectric PbTiO 3 ͑PTO͒ nanoislands are deposited on 1-cm-square platinized silicon substrates by a modified 2-butoxyethanol based chemical solution deposition technique as described elsewhere. 8, 9 The amount of precursor dilution is adjusted to obtain a maximum grain height of 50 nm ͑Fig. 1͒.
After this deposition a 60 nm layer of hydrogen silsesquioxane ͑HSQ͒ 10 is spin coated onto the samples, filling the space between the PTO grains and serving as an insulating layer. HSQ is a flowable inorganic polymer of silicon oxide and is widely used as interlayer dielectric due to its high planarization and low dielectric constant ͑ r =3@ 1 MHz͒. The samples are then heated on a hot plate for 2 min at 150 and 220°C each to remove the solvent content and to enable a flow of the deposited HSQ film, resulting in a smooth surface with completely embedded PTO structures. The films are cured at 450°C for 1 h in a rapid thermal processing tool with a nitrogen flow of 200 sccm. In order to electrically contact the PTO grains, the thin HSQ layer on top of the grains is removed by a chemical mechanical polishing step carried out on a commercial PM4 tabletop polisher. 11 A very soft polishing pad ͑NapTEC͒ and a slightly harder but therefore chemical resistant OP-Chem pad are used in combination with commercially available Syton SF-1 polishing slurry. This results in a very uniform material removal across the wafer surface. Figure 2 shows embedded PTO grains before and after a polishing step.
The samples are polished down to the pinnacles of the PTO grains with a constant material removal rate of about 7 -10 nm/ min. A minimum surface roughness of 0.4 nm rms is achieved. Further polishing leads to PTO grains that slightly stick out of the HSQ layer, implying that the removal of PTO goes on slower than the HSQ removal. After the polishing process, the samples are cleaned in acetone under ultrasonic agitation to remove any abrasive particles. sure that the highest PTO grain tops are indeed electrically accessible, piezoresponse force microscopy ͑PFM͒ is carried out. Figure 3 shows the results on a nonpolished and two polished samples of different exposed grain areas. The depicted results show the increase in piezoelectric activity depending on the polishing time compared to a sample with an embedding HSQ layer on top of the PTO grains. The piezoelectric signal indicates the electrical contact between the probe tip and the grains in the case of the polished samples.
Collective gold top electrodes are thermally evaporated using a simple shadow-mask technique. The gold electrodes have a minimum diameter of 75 m.
Direct electrical characterization measurements are carried out on an aixACCT TFAnalyzer 2000 ferroelectric test system with FE module. Additional compensation for leakage and dielectric capacitance contributions is applied in some measurements to depict the ferroelectric behavior more clearly. 4 Even after compensation of large parts of the leakage current, the hysteresis still shows a widening by parasitic currents. However, the results indicate a pronounced switching current peak in the current versus voltage ͑I-V͒ graphs. Figure 4͑a͒ shows the uncompensated current response of embedded PTO grains contacted by a 75 m gold top electrode after a triangular excitation of 10 V at 500 Hz. Note the current peak appearing on the positive voltage loop, indicating a ferroelectric switching of the PTO structures, whereas pure HSQ layers of equivalent thickness ͑about 50 nm͒ only show a dielectric current response.
On the negative voltage loop the switching current should appear as well, but is smeared out. This asymmetric switching is attributed to the different bottom and top electrode materials. The main reason for the blurred switching peaks becomes apparent when regarding the equivalent circuit model ͑Fig. 5͒. Besides the parasitic capacitance C ILD of the dielectric HSQ layer in connection with a leakage current through R ILD , every single grain is exposed to a distinct capacitance C I in parallel to a resistance R I due to a residual HSQ layer on top of the grain or a defective boundary layer that is generated by the polishing step.
The measured current response displays a collective switching signal of several grains at once. Those that are not directly contacted but separated by only a marginal HSQ layer also contribute. Therefore, the switching peak broadens up over a large voltage range. Such an additional in series RC element also accounts for the relatively high coercive fields we observe. The coercive field E C rises to at least 1.5 MV/ cm for the 50-nm-thick PTO grains, if we ignore the voltage drop over the in series elements. An elimination of the residual HSQ layer between top electrode and nanograins can be achieved in two ways that are currently on the way: Chemical mechanical polishing of the grains to the minimum grain height or experiments with grains of a narrow height distribution. 6 In order to improve the signal quality in the present setup, the current flow through the parasitic capacitance C ILD and resistance R ILD of the dielectric layer is compensated in the measurement shown in Fig. 4͑b͒ at an excitation voltage of 10 V at 1 kHz.
Different pulse patterns are applied to distinguish between ferroelectric switching and relaxation in the material. The sample is prepolarized prior to the different pulse sequences we apply. The delay time between the prepolarizing pulse and the subsequent pulses is varied between 0.1 and 30 s. Whereas for pure dielectric HSQ layers no switching charge is left after holding times that exceed a second, a remaining switching charge is detected for the PTO embedded samples. The current response of embedded PTO grains generated by a pulse sequence of 12 V at 2.5 kHz is shown in Fig. 6 . Here the prepolarizing pulse is set to 10 V, the delay time to 3 s and switching and nonswitching pulses are alternating. Although the switching peaks are smeared because of aforementioned reasons, the first pulse after prepolarization switches more charge than the nonswitching pulses. This polarization is remanent.
In conclusion, we have performed direct electrical hysteresis measurements on nanoscale ferroelectric PTO islands typically smaller than 100 nm and integrated into a low-k dielectric HSQ layer. This parallel measurement paves the way for a direct electrical characterization of ever shrinking ferroelectric nanostructures including their switching properties. 
